New multiband CCD photometry is presented for the eclipsing binary GW Gem; the RI light curves are the first ever compiled. Four new minimum timings have been determined. Our analysis of eclipse timings observed during the past 79 years indicates a continuous period increase at a fractional rate of +(1.2±0.1)×10
INTRODUCTION

GW Gem (BD + 27
o 1494, V =+10.485, B − V =+0.27) was announced by Hoffmeister (1949) to be an Algol-type variable. Subsequently, eclipse timings of the system have been reported assiduously by numerous workers, and history is now long enough to understand the binary's period behavior. Light curves have been made only by Broglia & Conconi (1981a, hereafter B&C) from photoelectric observations during the seasons of 1978 and 1979 . Unfortunately, the comparison star (BD + 28 o 1494) used in their observations turned out to be a δ Scuti-type variable with a peak-to-peak amplitude of about 0.035 mag (Broglia & Conconi 1981b) . B&C analyzed their BV light curves, and concluded that GW Gem is a semi-detached system with the secondary star filling its inner Roche lobe. They also suggested that the period of the binary system be considered constant. Most recently, Shaw (1994) included the system in his second catalog of near-contact binaries but with an unknown subclass. In this article, we report and analyze multiband light curves and present the first detailed analysis of the O-C diagram.
OBSERVATIONS
Our CCD photometry of GW Gem was performed on 13 nights from 20 December 2007 through 1 March 2008 in order to obtain multicolor light curves. The observations were taken with a SITe 2K CCD camera and a BV RI filter set attached to the 61-cm reflector at Sobaeksan Optical Astronomy Observatory (SOAO) in Korea. The instrument and reduction method are the same as those described by Lee et al. (2007) . Since the field of view of an individual CCD image was large enough to observe a few tens of nearby stars simultaneously, we monitored many of them on each frame. 2MASS 07530545+2716551 (V =+11.573, B − V =+0.534 from the NOMAD Catalogues; Zacharias et al. 2005 ) was used as a comparison star and no brightness variation of it was detected against measurements of the other monitoring stars during our observing runs. A total of 2,078 individual observations was obtained among the four bandpasses (508 in B, 511 in V , 532 in R, and 527 in I) and a sample of them is listed in Table 1 . The light curves are plotted in Figure 1 as differential magnitudes of m var − m comp versus orbital phase.
PERIOD STUDY
From our CCD observations, times of minimum light in each filter have been determined with the method of Kwee & van Woerden (1956) . Weighted mean timings from these determinations and their errors are given in Table 2 , together with all other photoelectric and CCD timings. The second column gives the standard deviation of each timing. In all, there were assembled 155 eclipse timings (48 photographic plate, 80 visual, 2 photographic, 10 photoelectric and 15 CCD) from the literature and from our CCD measures. Except for the photoelectric and CCD minima, the other timings were extracted from the modern database published by Kreiner et al. (2001) . An error for each method was assigned: ±0.0230 d for photographic plate, ±0.0059 d for visual, ±0.0022 d for photographic, and ±0.0012 d for photoelectric and CCD minima. Relative weights were then scaled from the inverse squares of these values ).
First of all, we constructed an O-C diagram for GW Gem using the light elements of Kreiner et al.: C 1 = HJD 2, 425, 645.5748 + 0.65944433E.
The resulting O-C 1 residuals calculated with equation (1) are listed in the fourth column of Table 2 and drawn in the upper panel of Figure 2 , where the timings are marked by different symbols according to observational method. The general trend of these O-C residuals from 1929 to 2008 is a curvilinear pattern. Thus, by introducing all times of minimum light into a parabolic least-squares fit, we obtained the following quadratic ephemeris: 
The 1σ-value for the last decimal place of each ephemeris parameter is given in parentheses. The result is represented as a continuous curve in the upper panel of Figure 2 . The O-C 2 residuals from this equation are given in the fifth column of Table 2 and are plotted in the lower panel of Figure 2 .
As can be seen in Figure 2 , the upward-parabola ephemeris provides a good fit to the O-C residuals and signifies a continuous period increase at a rate of +(4.2±0.4)×10 −8 d yr −1 , corresponding to a fractional period change of +(1.2±0.1)×10 −10 . Within its error, this agrees well with the value of +1.1×10
−10 calculated later in this paper with the WilsonDevinney binary code (Wilson & Devinney 1971, hereafter WD) . Because our light-curve synthesis shows that GW Gem is in a semi-detached configuration with the less massive secondary filling its inner Roche lobe, such a positive quadratic term can be produced by conservative mass transfer from the secondary to the primary component. From the masses of both components listed in Table 6 , we calculate a modest mass transfer rate of 3.2×10
LIGHT-CURVE SYNTHESIS AND SPOT MODELS
As shown in Figure 1 , the morphology of the light curve of GW Gem resembles that of β Lyr (dissimilar eclipse depths and light variability continuous with phase) and therefore indicates a significant temperature difference between the two components and significant distortion of the photospheres. In order to derive reasonable representations of the binary system, we analyzed simultaneously both our and the B&C light curves by applying the WD synthesis code to all individual observations. For this purpose, we established unit light level at phase 0.75 and used an observational weighting scheme identical to that for the eclipsing binary RU UMi (Lee et al. 2008a) . Table 3 lists the light-curve sets for GW Gem analyzed in this paper and the standard deviations (σ) of a single observation. The noise of the SOAO light curves is somewhat larger than that of the B&C ones despite the variability of their comparison star. This is presumably due to the smaller telescope used at SOAO, and/or because our comparison star is significantly fainter than GW Gem.
The effective temperature of the brighter, and presumably more massive, star was initialized at 7700 K from Flower's (1996) table, because (B − V )=+0.24 at Min II (i.e., phase 0.50) as given by B&C and because of the small reddening, E(B − V )=+0.03, calculated following Schlegel et al. (1998) . There is a small systematic error made in the temperature assignment because the eclipses are not complete and a minor lune of the cool star is visible at secondary minimum. The temperature of the hot star could be as much as 100 K hotter than has been assigned but not nearly so hot as if the Simbad spectral type of A4 were chosen. It is appropriate to regard the hot star envelope as a radiative atmosphere. The logarithmic bolometric (X, Y ) and monochromatic (x, y) limb-darkening coefficients were interpolated from the values of van Hamme (1993) and were used in concert with the model atmosphere option. The light curves were analyzed in a manner similar to those of the near-contact binaries AX Dra (Kim et al. 2004 ) and RU UMi (Lee et al. 2008a) . In this section and the next one, subscripts 1 and 2 refer to the stars eclipsed at primary and secondary minima, respectively.
Although a photometric solution of GW Gem was reported by B&C from the analysis of their own light curves, there is no spectroscopic mass ratio (q) for the system. We therefore conducted an extensive q-search procedure for various modes of the WD code so as to understand generally the geometrical structure and the photometric parameters of the system (cf. Lee et al. 2008b) . In this procedure, the method of multiple subsets (Wilson & Biermann 1976 ) was used to ensure the stability of the result. Only the photometric solutions for mode 5 (semi-detached systems in which the secondary components fill their inner critical surfaces) are acceptable for GW Gem. This configuration is also consistent with mass transfer from the secondary star to the hotter, more massive primary star inferred from our period study. To confirm the preliminary result, q-searches were repeated for each data set individually. The weighted sums of the squared residuals (ΣW (O − C) 2 = Σ) as a function of q are displayed in Figure 3 . Here, circles, squares, and diamonds represent the search results for B&C, SOAO, and all data sets, respectively. The optimal solution is close to q=0.46.
The value of q was treated as an adjustable parameter in all subsequent calculations to derive photometric solutions. The best result is listed in Table 4 and plotted in Figure 4 , where for clarity individual observations have been compiled into 200 mean points using bin widths of 0.005 in phase for each filtered light curve. As seen in the figure, the computed light curves describe the B&C data satisfactorily, but do not fit the SOAO data around phase 0.25 as well as can be wished. The discrepancies increase toward longer wavelengths and these can be modelled by a cool spot on the secondary star which must have a convective atmosphere. However, this representation is not unique for one cannot exclude a possible hot spot on the primary star due to impact from mass transfer between the components. Thus, two different model spots were postulated to reanalyze the SOAO light curves. We used the unspotted photometric parameters as initial values and included x 1 and x 2 as additional free variables. Final results are given in Table 5 and, within errors, each of these is in excellent agreement with the geometry of the unspotted solution and fits the SOAO light curves better than the unspotted model. The light residuals from the spot models are plotted in Figure  5 and it can be seen that there is no systematic trend among them. During the evaluation with spot parameters, we searched for a possible third light source but none was detected in the light-curve analysis.
It is numerically impossible to discriminate between the two spot models but there is more information to be weighed. It is noteworthy that the older B&C light curves show no obvious asymmetry but the evidence of the period study is that mass transfer was ongoing for at least the last 80 years. We could therefore expect an impact hot spot to have also existed during the 1978 and 1979 seasons but the light curve asymmetry in the B&C data did not appear. The easiest way to reconcile this limited and discontinuous information is to postulate that an inconspicuous impact hot spot has always existed due to the feeble mass transfer. Such a spot would be relatively inconspicuous since the hot star is large with respect to its Roche lobe and the free-fall height onto its photosphere is not great. Kinetic heating from the transferring gas is therefore modest and the effect in the light curves below the level of precision of the measures. Finally, for reasons that cannot be known, the cool star had developed a conspicuous cool spot by the time of the SOAO observations. Therefore, the cool spot model would be a more reasonable interpretation, and what has been modelled is the differential effect between a postulated meager hot spot and the more extensive transient cool spot. Nothing can be known of photometric activity between the older and newer light curves but it would have to be true that a trifling hot spot continued to be present in that interim.
DISCUSSION AND CONCLUSIONS
Based on the historical and new photometry, we have presented the first detailed period analysis and light-curve synthesis for GW Gem. The absolute stellar parameters for the system can be computed from our complete photometric solutions with the cool-spot model of Table 5 and from Harmanec's (1988) relation between spectral type and physical parameters (effective temperature, mass, and radius). The dereddened color (B − V ) 0 =+0.21 and temperature of the primary component correspond to a normal near-main-sequence star with a spectral type of about A7. The astrophysical parameters are listed in Table 6 , where the radius (R 2 ) of the secondary star results from the ratio (r 2 /r 1 =0.856) of the mean-volume radii for each component. The bolometric corrections (BCs) were obtained from the scaling between log T and BC recalculated by Kang et al. (2007) from Flower's table. An apparent visual magnitude of V =+10.49 at maximum light (B&C), appropriate dereddening, and our computed light ratio at phase 0.75 lead to V 1 =+10.59 and V 2 =+13.05 for the primary and secondary stars, respectively. Using the interstellar reddening of A V =0.10, the calculated value of V 1 , and the expected value of M V 1 for the primary star, we calculated an approximate distance to the system of about 120 pc.
A comparison of the GW Gem parameters with the mass-radius, mass-luminosity, and Hertzsprung-Russell diagrams (Hilditch et al. 1988) clearly demonstrates that the primary component lies between the zero-age and terminal-age main-sequence loci, while the secondary is oversized and overluminous for its mass. In these diagrams, the locations of the two component stars fall amid those of previously-known near-contact binaries. Thus, the system is a semi-detached and FO Vir-subtype, near-contact binary consisting of a detached main-sequence primary component with a spectral type of A7 and an evolved secondary component with a spectral type of approximately K1 which fills its limiting lobe completely. Such a configuration supports the concept of mass transfer from the secondary to the primary component as indicated by our period analysis. Our results suggest that GW Gem currently is in a state of broken contact evolving from a contact configuration as predicted by thermal relaxation oscillation theory (Lucy 1976 , Lucy & Wilson 1979 . High-resolution spectroscopy will determine the astrophysical parameters and evolutionary status of the system better than is possible with photometry alone. Table 3 ). The continuous curves represent the solutions obtained with our model parameters listed in Table 4 . Table 5 .
